ABSTRACT Wireless sensor networks are used to monitor and control physical phenomena and to provide interaction between clients and the physical environment. Clients have been typically users or user applications, but next generation wireless sensor networks will also work in machine-to-machine scenarios where some nodes can be interested in some other nodes' data. These scenarios may run the risk of becoming overloaded with messaging, a pernicious fact in particular for constrained networks where both bandwidth and power supply are limited. Resource collections can be used in wireless sensor networks to improve bandwidth usage and to reduce energy consumption, reducing the overall number of notification packets and wrapping overhead, required for the delivery of sensor data. This article proposes a heuristic algorithm for the planning of both routing and collections, in wireless sensor networks. Results show that collections are always worthwhile, and that the heuristic is able to find feasible and cost effective solutions, approaching its lower bound.
I. INTRODUCTION
Wireless sensor nodes are used to monitor and control physical phenomena, enabling interactions between clients (e.g., users or applications) and the surrounding environment [1] . In machine-to-machine communication scenarios, nodes can also be interested in each other's data, meaning that both producer and consumer entities will exist. In such environments, the delivery of data notifications should be done while trying to increase the network lifetime [2] , [3] .
Recently, interfaces for the creation/update of resources (i.e., Collections) in Constrained RESTful Environments (CoRE) were proposed [4] . The CoRE working group, within the Internet Engineering Task Force (IETF), focus on realizing the Representational State Transfer (REST) architecture in a suitable form for constrained nodes, allowing for applications to discover resources hosted by constrained servers [5] , [6] . In [4] , a Collection is defined as a resource representing one or more related resources, and its state can be observed using CoAP/Observe, proposed in [7] and [8] , similarly to individual resources. This means that the overall number of notification packets and wrapping information is reduced when compared with the transmission of the same data, by individual notification packets. Collections can be explored to use bandwidth more efficiently, reducing energy consumption. This article proposes a bounded heuristic algorithm for the routing of notification packets, while considering the creation of Collections.
The remainder of this article is organized as follows: Section II discusses the optimization problem, while Section III presents the bounds and claims to get feasible solutions. Section IV presents the heuristic algorithm. In Section V the results are discussed, while in Section VI some conclusions are drawn.
II. ASSUMPTIONS AND OPTIMIZATION PROBLEM
Let us assume a constrained network with nodes detecting an event or change in the environment, producing a measurement, and/or interested in measurements done by others. Such network is represented as an undirected graph G(N , E, S), where N and E denote the set of nodes and edges, respectively, and S denotes the overall set of measured subjects (e.g., temperature measurement). Each node n ∈ N is assumed to produce a single subject s ∈ S, and δ n s is used to indicate whether node n produces subject s or not. An edge e = (n i , n j ) ∈ E is a wireless direct communication channel between nodes n i and n j . The set of consumer nodes, which are interested in specific measurements done by others, is denoted by M, M ⊂ N . A consumer can be any inner network node, also performing any task that requires measurement, or a gateway responsible for the forwarding of measurements towards clients/applications. A consumer node m ∈ M has a set of subject interests, denoted by I(m). To meet the interests of consumer nodes, subject data must flow throughout the network graph (from producers to consumers). Subjects can flow either individually, each inside its own notification message, or inside Collection notification messages, which aggregate a set of subjects. The way measurements flow can change at intermediate nodes, as they can build new Collections from arriving subjects. Regarding Collections, the following condition holds:
Condition 1 (Collection Flow): A k-subject Collection arriving to a node can either be consumed by the node and/or forwarded. In the latter case, the Collection must flow out undivided, either alone or inside another Collection.
Regarding the cost associated with a flow f that remains unchanged from node n i towards node n j , this will be:
where k is the number of subjects, hops(n i , n j ) is the number of hops from n i to n j , and α + β = 1. Variable α is a per subject data overhead, while β is the overhead associated with wrapping all data. Therefore, a subject flowing individually will have a cost of hops(n i , n j ), while a k-subject Collection will have a cost of (k×α+β)×hops(n i , n j ), meaning that there is a benefit when subjects are aggregated into Collections (a reduction in overall wrapping information, for the same data being transferred). In the following discussion, without loss of generality, α = β = 0.5. Note that n i can either be the source/producer of a subject, or an intermediate node; while n j can either be the destination/consumer node, or an intermediate node.
With the previous assumptions in mind, the problem of routing subject measurements in constrained wireless sensor networks, called Collection-based Routing in Wireless Sensor Networks (CR-WSN), is defined as:
Definition 1 (CR-WSN Problem): Given a constrained network with a set of nodes N , where each node n ∈ N produces a single subject s ∈ S, and each consumer node m ∈ M, M ⊂ N , has a set of subject interests I(m), determine the multi-hop routing of subjects throughout the network, building (if necessary) Collections so that the overall cost is minimized. This must be done satisfying consumer interests and Collection Flow condition.
III. FEASIBLE SOLUTIONS ON CR-WSN PROBLEM
The following sections discuss some ways of obtaining feasible solutions for the CR-WSN problem, which are later used by the proposed heuristic.
A. AN UPPER BOUND
Under the previous assumptions and the undirected graph G(N , E, S) defined, the following can be stated:
-If a consumer m ∈ M has subject s ∈ S in its interests, and it is flowing individually from one of its producers n ∈ N towards m, then the shortest path is the one providing the lowest cost. -For multiple consumer nodes interested in subject s ∈ S, the set of shortest paths (between producers and consumers of s) sharing the largest number of arcs will be the set of shortest paths providing the lowest cost. -Considering multiple subjects, from multiple consumers, the shortest paths from producers to consumers that share more arcs will be good candidates for the insertion of Collections (at sections where arcs are highly shared), reducing costs. -Network graphs (emerging from the shortest paths required to meet all consumer interests) with a high number of shared arcs have more potential for the replacement of individual subject flows by Collections, leading to better solutions for the CR-WSN problem. Assuming a consumer m ∈ M and a subject interest s ∈ I(m), the set of paths from producers of s towards m will be:
and the shortest paths P * ,m s are given by:
where hops(p) is the number of hops in path p, and P * ,m s ⊂ P m s . For multiple consumer nodes interested in a subject s ∈ S, and assuming only the shortest paths, the set of arcs used for transmission of subject s will be:
is the overall consumer node interests,S ⊆ S. Duplicate arcs are merged. An upper bound on the cost for the CR-WSN problem will, therefore, be:
That is, the upper bound is based on the shortest paths in P * = {P * 1 , . . . , P * |S| }, and no Collections still exist.
B. IMPROVED FEASIBLE SOLUTION
The set P * = {P * 1 , . . . , P * |S| } provides a feasible solution for the CR-WSN, but multiple combinations of shortest paths may exist. Also, slightly longer paths can reduce cost if Collections are introduced. This means that there is potential VOLUME 6, 2018 for improvement of such feasible solution. Let us define a directed graphḠ(N , A,S) whereN includes nodes used at P * , A includes the arcs in P * , andS includes subjects of interest to consumers, previously defined. For such a feasible solution the following claims, regarding solution improvement (cost reduction), can be stated:
Claim 1 (Triangles): If (n i , n k ), (n j , n k ) and (n j , n i ) exist, and the last two arcs both carry subject s, then (n j , n k ) can be eliminated (a triangle exists). This causes either the reduction of cost, if (n i , n k ) already carries s, or keeps the cost unchanged, if s currently does not flow at (n i , n k ) (needs to be inserted now in (n i , n k )).
Claim 2 (Redundancies): If a node has more than one incident arc for the same subject, one of the arcs can be removed. If the source node of such arc has no arcs towards other nodes, or other subjects flowing into it, then it can be removed together with its arcs.
Claim 3 (Creation of Collection):
The graph that emerges after aplying Claims 1 and 2 is in condition to have some individual subject flows replaced by Collection flows, for minimizing cost, while not violating Condition 1. If q arcs from n i to n j carry different subjects, then a Collection can be built at n i including:
-q subjects, if these are of interest to all nodes reachable from n j ; or n j has no successors (consumer node); -r subjects, r < q, if only the r subjects are of interest to all nodes reachable from n j .
Claim 4 (Partial Cost):
For k-subjects to flow from node n i towards n j (with the flow starting at node n i and kept unchanged until node n j is reached), the lowest cost is achieved if a Collection of such k-subjects is built. Their individual flow, or including them in a larger Collection, has a higher cost. More specifically:
, where f 1 , f 2 and f 3 are flows kept unchanged from source to destination.
The cost of the feasible solution obtained after applying Claims 1, 2, 3 and 4, while not violating Condition 1, will be:
where F is the overall set of flows. The heuristic algorithm discussed below finds a solution, providing the lowest cost feasible solution for the shortest paths based graph P * . A lower bound on ζ * can be obtained as follows:
Claim 5 (Lower Bound): When relaxing the Collection Flow condition, a lower bound can be obtained for the lowest cost feasible solution, on the shortest paths based graph.
The lower bound at Claim 5, which will be denoted by ζ * lb , can be used to evaluate the quality of the heuristic algorithm (values obtained for ζ * ).
IV. HEURISTIC ALGORITHM
For subjects to flow towards consumers in WSNs using, if necessary, Collections (CR-WSN problem) several issues must be solved: i) determine which Collections to build, their content and where to place them; ii) multi-hop routing. This is an NP-hard combinatorial optimization problem and, therefore, a reasonable way to find a solution is to solve it heuristically. Although there are efficient algorithms to find a shortest path, such approaches do not incorporate building Collections. Also, in WSNs there are usually multiple shortest paths, which could lead to different final solutions. The heuristic algorithm proposed in this section takes these issues into consideration while including the characteristics and reasoning discussed in the previous sections. The heuristic includes two steps:
Step I: Build an initial feasible solution. This solution is based on Section III-A.
Step II: Improve the initial solution. Improvements are based on the Claims presented in Section III-B. These steps are discussed in more detail below, for which the following extra notation is required:
Has value one if subject s ∈S arrives and/or departs from node n ∈N ; zero otherwise. γ a s Has value one if subject s ∈S flows through arc a ∈ A; zero otherwise.
R(n)
Set of subjects {s ∈S :
Set of subjects {s ∈S : γ a s = 1}, ∀a ∈ A. R col (n) Set of Collections built at node n ∈N . R col (a) Set of Collections flowing through arc a ∈ A.
Set of direct successors of n i ∈N , {n j ∈N :
Set of nodes reachable from n i ∈N , {n j ∈ N : ∃ path from n i to n j }. ζ * Cost associated with the best feasible solution.
A. STEP I: BUILD AN INITIAL FEASIBLE SOLUTION
An initial feasible solution is built to be used as input to
Step II. This procedure, shown in Algorithm 1, is based on Section III-A where shortest paths are used to meet consumer interests. No Collections are considered during this first step.
B. STEP II: IMPROVE INITIAL FEASIBLE SOLUTION

This step improves the feasible solution provided by
Step I. Such improvement is based on Claims presented in Section III-B, and the possibility of building Collections for
Algorithm 1 Building Initial Feasible Solution
1 Input: N , E, M, I(m),S, δ n s , ∀n ∈ N , ∀s ∈S; 2 Output:N , A, P * , R(n), R(a) and ζ ub , ∀n ∈N , ∀a ∈ A; 3 4 InitializeN , A, R(a = (n i , n j )) and R(n i ) to empty sets, ∀n i , n j ∈ N ; 5 for m ∈ M do 6 for s ∈ I(m) do 7 Determine P * ,m s using Eq. (3) 
V. ANALYSIS OF RESULTS
A. SCENARIO SETUP
Randomly generated graphs, using the algorithm in [9] , were used to analyse the performance of the heuristic algorithm. Graphs of 25, 50 and 100 nodes were tested. Two networks were generated, one denser (with more links) than the other, for each dimension. The subjects produced by each node (a single subject), consumer nodes and their interests were also randomly generated. The diversity of the subjects produced by the network is equal to 20% of the number of nodes, meaning that some nodes will produce the same subjects. Regarding consumer nodes, tests were done for 20%, 40% and 60% of the number of nodes. The number of subject interests requested by consumer nodes varies from 2 to 4. For each such scenario, 10 graph instances were generated and averages of such results are plotted. Table 1 summarizes the network parameters. Table 2 summarizes the average result values obtained for: (i) ζ ub , the upper bound on the CR-WSN problem; (ii) ζ * , the best feasible solution found by the heuristic algorithm for the CR-WSN problem; (iii) ζ * lb , the lower bound; (iv) the average number of Collection in ζ * 's and ζ lb 's solutions, and their ratio for (n i , n j ) ∈ − n k do 8 Apply Claims 1 and 2 to n i , n j and n k , as discussed in Section III-B; 
B. RESULTS
9 Update R(n i ) ∨ R(n j ); 10 Update R(a = (n i , n k )) ∨ R(a = (n j , n k ));
24
Update R col (n), ∀n ∈ f ;
25
Update R col ((n k , n l )), ∀(n k , n l ) ⊂ f ;
26
Update ζ * ; 27 end 28 end 29 
1) RESULTS ON COST VALUES
For a more rigorous analysis of the heuristic performance, the gap between ζ ub and ζ * , and between ζ lb and ζ * , were computed as follows:
Figures 1 and 2 plot the average of gap values obtained for all networks scenarios under analysis. It is possible to observe that the heuristic algorithm is able to significantly improve the ζ ub values, with improvement percentages ranging from 1.5% to 14%, due to the creation of Collections. Therefore, better feasible solutions for the CR-WSN problem can be obtained using collections. The heuristic algorithm values are also very close to the lower bound ζ lb , meaning that it is able to achieve a high efficiency under the P * graph based on the shortest paths. The average gap values between ζ lb and ζ * range from 0% to 4.04% (denser networks) or to 7.95% (less dense networks). Generally, the best values were obtained for smaller networks and for smaller number of consumers. The worst values were obtained for larger and less dense networks. Nevertheless, Collections are always worthwhile and the heuristic has a good performance, given the complexity of trying to find an optimal solution for the CR-WSN problem. That is, the heuristic results are close to the lower bound. Consequently, they correspond to the optimal solution, for the considered shortest paths networks, or they are within 6 or 10 percent of the optimum, respectively, for denser or less dense networks. Figures 3 and 4 plot the average number of Collections found at feasible heuristic solutions, ζ * , and the average number of Collections when Condition 1 (Collection Flow condition) is relaxed, ζ * lb . The solutions obtained by ζ * lb include, in general, more Collections than the ones obtained by ζ * , as expected. The exception is for A5, where less chance to perform Collections exists due to the parameters involved (see Table 1 ). The largest differences occur for larger and less dense networks with more consumers. The ratios of the average number of collections obtained at feasible heuristic solutions to the lower bound are always bigger at denser networks (except for A10 and C10). Therefore, in less dense networks, there are more arcs where Collection Flow condition is not fulfilled, leading to solutions farther from the lower bound.
In our results (except for A and B) the average number of subjects per Collection is always smaller at solutions obtained by the heuristic (ranged from 2.0 to 2.22 subjects), when compared with ζ * lb solutions (ranged from 2.0 to 2.38 subjects).
VI. CONCLUSION
This article presents a heuristic algorithm for the routing of sensor data while planning for the creation of Collections. Such Collections might be built to reduce the overall number of network notifications, reducing the overall overhead information for a certain amount of data to be delivered, leading to better use of bandwidth and higher energy savings.
Results show that Collections are always worthwhile, and that the heuristic obtains optimal or near optimal solutions (within 10 percent of the optimum), for the considered shortest paths networks. 
